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Abstract: The relationships between hillslope and fluvial processes were studied in a mountainous
area of the Northern Apennines (Italy) where intermittent landslide activity has interacted for a long
time with river morphodynamics. The aim of the study was to analyse such relationships in two
study sites of the Scoltenna catchment. The sites were analysed in detail and monitored through
time. A long-term analysis was carried out based on multitemporal photointerpretation of aerial
photos. Slope morphological changes and land use modifications since 1954 were detected and
compared with the evolution of the channel morphology. A short-term analysis was also performed
based on two monitoring campaigns accomplished in 2021 and 2022 in order to detect possible slope
displacements and channel-bed-level changes. The techniques used are global navigation satellite
systems and drone photogrammetry accompanied by geomorphological surveys and mapping. The
multitemporal data collected allowed us to characterise slope surface deformations and quantify
morphological changes. The combination of various techniques of remote and proximal sensing
proved to be a useful tool for the analysis of the surface deformations and for the investigation of the
interaction between slope and fluvial dynamics, showing the important role of fluvial processes in
the remobilisation of the landslide toe causing the displacement of a significant volume of sediment
into the stream.

Keywords: slope instability; fluvial morphodynamics; UAV photogrammetry; multitemporal moni-
toring; data integration; Northern Apennines, Italy

1. Introduction

In mountain areas, hillslope processes and fluvial dynamics can be strictly correlated
with each other. Together, they constitute the slope–fluvial system [1]. Hillslope processes
are capable of significant erosion and the transport of slope material, producing remarkable
morphological changes, especially under the ongoing climate changes [2–6], whereas
channel systems continuously evolve responding to fluctuations and changes in sediment
supply and runoff [7–10].
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In mountain environments, channel banks and beds are composed of bedrock or thin
layers of alluvial material. Valleys—classified as confined or partly confined [11]—are
relatively narrow, meaning rivers are frequently in contact with hillslopes. In such condi-
tions, the primary source of sediments are landslides [12–16]. Indeed, the rate of sediment
supply is controlled by the strength of coupling between sediment sources and channels;
this is related to the lateral sediment connectivity, which is defined as the specific linkage
between the channel network and the hillslopes [17–20]. Thus, mass-wasting processes can
be important sources of sediment supply where the landslide toe reaches the riverbed and
eventually obstructs the water flow [21–24].

On the other hand, water courses can also erode the foot of the slope and re-activate
dormant landslides, crucially contributing to the shaping of the mountain relief [25,26].
Most channel–hillslope interaction takes place during infrequent, high-magnitude floods,
when mountain channels experience widening occurring through lateral erosion [27–31]. In
confined or partly confined channels, the erosion of the valley sides triggers slope instability
processes, with the consequent transfer of sediment material in the fluvial system [16,32,33].

The understanding and assessment of the interaction between slope and fluvial mor-
phodynamics requires a combination of different proximal and remote sensing techniques
and in situ methods. Remote and proximal sensing (e.g., satellite radar interferometry,
global navigation satellite system (GNSS) surveys, traditional topography, uncrewed aerial
vehicle (UAV) photogrammetry, and airborne and terrestrial laser scanning) integrated
with geotechnical in situ surveys (e.g., inclinometers, piezometers, and extensometers) can
be effectively employed for the geomorphological mapping of fluvial riparian vegetation or
strongly vegetated slopes, with important implications for flood hazard assessment [34–39].
Proximity photogrammetry and LiDAR are very effective for monitoring natural processes
(landslides and floodplain width and their control on channel dynamics) because of the
technological developments of the UAV’s systems (lightweight cameras, miniature GNSS,
and miniature LiDAR) and the development of new processing methodologies, both for
LIDAR data and photogrammetric datasets [40,41]. These methods allow the generation
of high-resolution 3D models at repeated intervals (months or years) that can be used
to calculate slope dynamics and sediment budgets and to investigate channel pattern
changes [42–44]. Given the pros and cons of each technique, the integrated use of different
methods is fundamental for obtaining reliable research outputs and helping to reduce
uncertainties [45]. In this study, UAV photogrammetry and GNSS methods are used and
integrated for the monitoring of landslides and fluvial processes.

GNSS positioning provides the coordinates of specific points in a global reference
system [45,46]. Several methods for GNSS positioning can be implemented depending
on the required accuracy, number of available receivers, need for real time coordinates,
and surveying repetition frequency. Access to the area is required, and a proper mate-
rialisation of interest points is mandatory for monitoring or integrating purposes [47].
Land-monitoring applications can be performed by real-time or post-processing solutions.
Real-time positioning allows final accuracy at the cm level, whereas accuracy to the level of
a few mm can be obtained with static methods based on relative positioning. GNSS has
been effectively applied for the monitoring of slope dynamics [48–50] to provide informa-
tion on morphometry, locations, and displacements [51]. Measurements from conventional
monitoring techniques (e.g., inclinometers, extensometers, and topographic and GNSS
surveys) are normally restricted to a small number of ground points with respect to the
surface of the investigated area [52]. Therefore, if the monitoring of specific points or the
establishment of a common reference system are required, GNSS or traditional topographic
methods can be adopted.

UAV photogrammetry is largely used in geoscience applications because UAV can
reach remote and dangerous areas without risks for operators and ensuring affordable costs.
The technique allows the rapid execution of the survey, a proper design and automation of
flight paths, the collection of high-resolution images and geocoded data. The use of struc-
ture from motion (SfM) photogrammetric algorithms allow the generation of 3D products
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with photorealistic and metric contents and a detailed reconstruction of the morphology of
the investigated area [53–59]. SfM photogrammetry requires metric references in order to
georeference the obtained results; to this aim, ground control points (GCPs) or RTK UAVs
can be used. The overall quality of the obtained 3D reconstructions can be affected by the
overlap between the images, image resolution, the geometry of acquisition, the numerosity
and distribution of GCPs, and the accuracy of their coordinates [60–65]. UAV photogram-
metry can be effectively applied in small–medium extension areas (a few tenth of a Ha)
with low–sparse vegetation; it is suited for volume computations and surface deformation
controls [66]. The frequency of subsequent surveys is low (periodic monitoring) because
operators in the field and the processing of data are required.

Several methods for change detection evaluation can be implemented using point
coordinates, 3D point clouds or digital elevation models (DEM) and orthomosaics. DEMs
can be compared in GIS software and the cell-by-cell height difference calculated, leading
to vertical displacement analyses and volume calculations [58,67–69]. Orthomosaics can
be processed with feature tracking algorithms in order to compute the planar movements
of specific features [70,71]. Additionally, 3D point clouds can be compared and the point-
to-point distance between subsequent 3D reconstructions computed [72–74] to evaluate
3D displacements. The accuracies and resolutions of the generated reconstructions need
to be evaluated and implemented in monitoring studies as they define the detectable
geometric changes and the significance of computed distances [75–80]. When dealing with
the monitoring of slow-moving landslides and the investigation of their interaction with
fluvial dynamics, the integration of different survey methodologies and the careful design
of the field survey are mandatory to perform high-resolution analyses [24].

This research aims at deciphering the response of the slope–fluvial system to envi-
ronmental changes in a catchment area of the Northern Apennines (Italy) by analysing
the interactions between mass movements and fluvial dynamics. The slope and river
subsystems are often investigated separately, leaving a number of issues unexplored re-
garding the complex interconnections between slope and fluvial morphodynamics. This
paper therefore aims to contribute to filling this gap in knowledge while also taking into
account the outputs of other studies carried out in mountain areas [13,16,17]. This research
topic is of paramount importance in the context of climate change and related mitigation
strategies worldwide.

Our investigation was focused on two study sites in the Modena Apennines located
in the Scoltenna Stream catchment (Emilia-Romagna region). The catchment has a huge
number of landslides of different types and sizes, as shown in the Regional Landslide
Inventory Map [81]. In particular, the evolution of two slow-moving landslides and their
interactions with the Scoltenna Stream are analysed.

The objectives of this study are to: (i) analyse the hillslope processes and the Scoltenna
channel dynamics over the last 70 years (long-term evolution), with special attention to
their evolution over the period 2021–2022 (short-term evolution); (ii) quantify the volume
of sediments eroded from the two investigated landslides and possibly released into the
Scoltenna channel in the short-term period; and (iii) evaluate the effectiveness of integrated
GNSS and UAV photogrammetric surveys in the investigation of slow-moving landslides.

2. Case Studies

Two sites were chosen for detailed investigations based on their representativity
and significance within the Scoltenna catchment in terms of the relationships between
slope processes and river dynamics and accessibility for direct field surveys. The two
investigated sites (La Confetta and Sasso Cervaro) are characterised by slow-moving
landslides interacting with the channel of the Scoltenna Stream, whose catchment has
an area of about 280 km2 and an elevation ranging from 300 to 2000 m above sea level
(a.s.l.) (Figure 1). The stream, with a total length of 33 km, has a confined—locally partly
confined—channel presenting an average active channel width ranging between 10 m and
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85 m. The channel morphology is strongly controlled by the physiographic conditions of
the valley, with a prevalence of sinuous patterns.
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Figure 1. Location and physiography of the Scoltenna catchment (province of Modena, Italy). The
red stars indicate the investigated sites.

2.1. Physical and Climatic Setting

The Scoltenna catchment is located in the Modena Apennines, a fold-and-thrust
mountain chain derived from the post-Eocene collisional history between the European and
African plates and from a complex, multi-staged evolution [82,83]. Geologically, the area is
composed of weak and fractured sedimentary rocks [84]. The main geological formations
outcropping in the catchment are calcareous-marly formations in the southern part and
clayey formations in the northern part, where the investigated sites are located (Figure 2).
According to the regional geological map, the main geological formations outcropping in
the Scoltenna catchment are: (i) Monghidoro Formation; (ii) Monte Venere Formation; (iii)
Palombini Clays; and (iv) Modena Unit [81].

The Monghidoro Formation consists of arenaceous-pelitic turbidites with dark grey
sandstones that become yellowish brown by alteration and oxidation of femic minerals. The
Monte Venere Formation is composed of light grey arenaceous-marly turbidites with thin
or medium intervals of dark or blackish clays. The Palombini Clays consist of fissile clays
and shale with interspersed medium-to-thick layers of grey calcilutites, usually intensely
deformed. The Modena Unit refers to gravel deposits intercalated by sands and silts of
alluvial terraces.
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Figure 2. Landslide map of the lower Scoltenna catchment (Available online: https://geoportale.
regione.emilia-romagna.it/ (accessed on 5 July 2023).

The geomorphological features of the Scoltenna catchment result from a series of
processes that have been active over a long time (mainly from the Late Pleistocene) in
changing climatic and geodynamic conditions. At present, slope instability is the main geo-
morphological process affecting the Scoltenna catchment, which has been locally obstructed
by landslides through time [85]. According to the regional Landslide Map, the geological
units show a significant proneness to slope instability [86,87] that is related to the poor
mechanical resistance of the outcropping terrains and the presence of groundwater therein.
The lithological character of landslide bodies, generally made up of thick clayey deposits
with gravels and blocks, is due to the post-failure weathering of claystone, sandstone,
and limestone rock fragments. These deposits are in residual strength conditions and, as
such, can be quite easily mobilised by slope movements. All landslide types described by
Cruden and Varnes [88] can be identified in the study area; however, the most frequent are
slow-moving earth slides and earth flows [89–94]. According to the Regional Landslide
Inventory Map, the lower Scoltenna catchment displays both active and dormant landslides
(Figure 2).

The Scoltenna catchment has a Mediterranean climate. Spring and autumn are char-
acterised by intense rainfall, whereas summer and winter are dry with moderate precipi-
tation that sometimes occurs as snowfall [95–97]. The average total annual precipitation
is 1231.2 mm in the lower Scoltenna catchment and 1915.0 mm in the upper Scoltenna
catchment (data recorded in the period 1954–2021) [98]. According to the Köppen classifi-
cation [99], the present climate of the area is defined as “sub-continental” and locally as
“cool-temperate” with a mild temperate climate (Cfa).

https://geoportale.regione.emilia-romagna.it/
https://geoportale.regione.emilia-romagna.it/
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2.2. Study Sites

La Confetta and Sasso Cervaro sites are located in the lower Scoltenna catchment. In
each site, slope movements have clearly interacted with fluvial morphodynamics through
time. La Confetta site is currently affected by an active landslide that is 370 m long and
150 m wide and has an elevation difference of about 80 m and an average slope angle of
12.5◦ (Table 1 and Figure 3). The substrate consists of arenaceous-pelitic turbidites and clays
belonging to the Monghidoro Formation and Palombini Formation. The Sasso Cervaro
site is characterised by the presence of an active landslide that is currently 530 m long and
50–60 m wide and has an elevation difference of 160-170 m and an average slope angle of
18.7◦ (Table 1 and Figure 4). The outcropping terrains consist of clays and shales belonging
to the Palombini Formation. From 2019, the whole landslide deposit has been subjected to
artificial drainage (Figure 4a).
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Table 1. Morphometry of the La Confetta and Sasso Cervaro sites.

Site Length
(m)

Max Width
(m)

Elevation
Difference (m)

Tip Length
(m)

Average Slope
Angle (◦)

La Confetta landslide 370 150 80 132 12.5
Sasso Cervaro landslide 530 60 170 60 18.7

La Confetta channel reach 120 13 2 - 0.9
Sasso Cervaro channel reach 60 18 5 - 4.7

At both sites, the activity of the landslides is highlighted by the presence of leaning
trees and numerous cracks on the surface of the landslides. The slope movements can be
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classified as slow-moving earth slides/earth flows and show centimetric movements per
year.

The analysed channel reaches at the landslide toe show a length of 120 m at La Confetta
site and 60 m at the Sasso Cervaro site and an average slope of 0.9◦ and 4.7◦, respectively.
In both reaches, a plane-bed morphology prevails [100] with submerging boulders and
cobbles locally organised in oriented lines. Lateral bars are present in both reaches, whereas
no pocket floodplains divide the two landslides from the Scoltenna channel; thus, the
landslide toes reach the Scoltenna channel, confirming the high potential lateral sediment
connectivity in both sites.

3. Materials and Methods

A multidisciplinary approach was used for the investigation of slope and fluvial
dynamics, including (i) pre-existing aerial photo and orthophoto collection; (ii) field surveys
and geomorphological analysis; (iii) GNSS and photogrammetric surveys; (iv) DEM and
orthophoto generation (years 2021 and 2022); (v) multitemporal orthophoto interpretation;
and (vi) surface change detection. The research approach and development are illustrated
in Figure 5.
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3.1. Data Collection

The two study sites were analysed in a multitemporal perspective through aerial
photos and orthophotos available from the Regional Web Map Service [81]. A time span
of about 70 years was examined and the following years were considered: 1954, 1977,
1988, 1996, 1998, 2007, 2008, 2011, 2018, and 2020 (Table 2). New orthophotos (3 cm spatial
resolution for La Confetta site and 1 cm spatial resolution for the Sasso Cervaro site) were
acquired in 2021 and 2022 by means of drone flights (Table 3); two DEMs were obtained for
each site with an average point cloud resolution of 0.1 points/cm2 for La Confetta site and
0.3 points/cm2 for the Sasso Cervaro site.

Table 2. List of examined aerial photos and orthophotos.

Type Year Source Scale/Resolution

Aerial photos 1954 Regional Web Map Service 1:66,000
Aerial photos 1977 Regional Web Map Service 1:15,000
Orthophotos 1988 Regional Web Map Service 1:10,000
Orthophotos 1996 Regional Web Map Service 1:10,000
Orthophotos 1998 Regional Web Map Service 1:10,000
Orthophotos 2007 Regional Web Map Service 1:10,000
Orthophotos 2008 Regional Web Map Service 1:10,000
Orthophotos 2011 Regional Web Map Service 1:10,000
Orthophotos 2018 Regional Web Map Service 1:10,000
Orthophotos 2020 Regional Web Map Service 1:10,000

Drone
orthophotos 2021 Drone photogrammetry

processing
3 cm (La Confetta site)

1 cm (Sasso Cervaro site)
Drone

orthophotos 2022 Drone photogrammetry
processing

3 cm (La Confetta site)
1 cm (Sasso Cervaro site)

Table 3. Information on survey, photogrammetric processing, and related outputs.

La Confetta Sasso Cervaro
2021 2022 2021 2022

UAV model DJI Phantom4 rtk Autel EVO2
Camera FC6310R (8.8 mm) XT705 (10.57 mm)

Flight

entire landslide
(parallel flightlines)

landslide toe
(gridded flightlines)

entire landslide
(gridded flightlines)

Flight height (m) −60 a.s.l.
−40 a.s.l.

−60 a.s.l.
−40 a.s.l. 31.1 a.g.l. 37.1 a.g.l.

Number of images 765 720 3329 3433
GSD (mm) 15.4 15.3 8.5 9.2

Number of GCPs 10 9 13 14
Processing parameters
—relative orientation High High

Processing parameters
—image matching Ultrahigh High

Number of points in dense
cloud 126,921,205 157,394,778 564,429,765 590,605,899

Point cloud resolution
(points/cm2) 0.106 0.146 0.348 0.295

GCPs discrepancy (cm) 1.26 1.44 2.76 3.35
DEM resolution (cm/pixel) 3.07 2.62 1.69 1.84

Significant changes at 95% (cm) 3.7 8.5

GNSS and UAV photogrammetry surveys were implemented for the monitoring of
the investigated landslides. The outputs of the survey campaigns carried out at each site in
summers of 2021 and 2022 are discussed. Commercial UAVs and their standard cameras
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were used: Phantom 4 RTK at La Confetta site and Autel Evo2 at the Sasso Cervaro site.
Several crossed flightpaths were planned for each investigated site to guarantee a complete
reconstruction and the proper redundancy of images. The flights were planned using
an aerial orthophoto and DSM and setting an altitude flight above ground level (a.g.l.)
or above sea level (a.s.l.). Moreover, an autonomous mode of image acquisition (with a
shot per second and a pseudo-nadiral pose of the camera) was set. Further information
about instrumentations, images, and flights is available in Table 3. Artificial targets were
positioned in the investigated areas; their positions were measured with a relative rapid
static GNSS positioning; the coordinates were then used as GCPs in the SfM processing.
The GNSS reference stations were installed in stable positions near the investigated areas.
Stonex SC600 and S900A GNSS receivers were used. Some of the GCPs were permanently
materialised on the ground in order to be re-measured at each epoch and used as GNSS
monitoring points. Each measured baseline had a duration of 10 min and an acquisition rate
of 1 Hz. The final accuracy of target coordinates was about 5–6 mm. The photogrammetric
targets were wood or PVC numbered plates with a black and white chessboard pattern; the
targets are coincident with the GNSS monitoring points incorporated the materialisation of
the point.

3.2. Data Processing

The two study sites were analysed in a multitemporal perspective through aerial
photos and orthophotos. The multitemporal mapping of landslides and active channels
was performed in GIS (ESRI software ArcGis 10.2.1, ArcMap) through a manual delineation
method. For each orthophoto in the landslide polygon, the state of activity and land use
were mapped; the latter was divided in three classes: woods, bushes, and bare soil.

Active channels in the study reaches were digitised as polygons that included low flow
channels and bars (exposed sediments). The average active channel width was evaluated
as the ratio between the polygon area and length [101].

Images and ground data acquired on site were processed in Agisoft Metashape to
obtain a 3D reconstruction. At the beginning, a quality check of the images was performed
in order to delete bad-quality images; then, the relative orientation with high-quality
settings was started, and the process was sped up by using the geotag information acquired
during the flight. The target locations were manually set up in the acquired images and
the coordinate values added to the project. An optimisation of the relative orientation
parameters was run to correct errors and obtain georeferenced products. The accuracy of the
3D reconstruction was available at this step. The accuracy is expressed as the discrepancy
between the measured and reconstructed coordinates of GCPs; this option is commonly
accepted in the absence of validation points [54,65,102]. The values are shown in Table 3.
Dense image matching was then performed with high-quality settings; the original images
were processed in order to search for pixel-to-pixel correspondences and obtain a 3D dense
point cloud. The main output of the photogrammetric processing is the dense point cloud.
Additionally, 2D products were obtained starting from the dense cloud, the DEM, and
the orthophoto. The processing of La Confetta site led to the generation of DEMs and
orthophotos with a resolution of 3 cm; the DEMs generated for the Sasso Cervaro site had a
resolution of 2 cm, whereas the orthomosaics had a resolution of 1 cm.

The use of GNSS allowed us to obtain georeferenced results, thus the detection of
changes that occurred over time was performed through a direct comparison of the gen-
erated products. The DEMs generated at subsequent epochs for each site landslide were
compared in a GIS software; QGIS was used in this study. The elevation difference between
the same pixel at subsequent epochs was computed; the product is called the DEM of
difference (DoD) and allows us to quantify the volume changes. The presence of vegetation
affects the volume computation as the terrain surface cannot be detected. In this study,
preliminary field surveys allowed the authors to gain knowledge about the investigated
sites and to distinguish between vegetated and sparsely vegetated areas. The DoD analysis
was performed on the entire sites, but the analyses of the displacements and the calcu-
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lations of volumes were only performed on sparsely vegetated areas. Other comparison
methods were tested, i.e., the comparison between point clouds; however, the results are
not reported in this paper because they do not significantly differ from the DoD and are
not very effective in volume computation.

In this study, a 3D accuracy value was derived by the discrepancy on GCPs and associ-
ated to each generated 3D model. The application of the variance propagation law allowed
the estimation of error due to the comparison of the subsequent 3D models. A threshold
defining the 95% level of significance was adopted to select reliable displacements.

4. Results
4.1. Long-Term Morphological Evolution of the Investigated Sites

In the 1950s and 1960s, La Confetta landslide was dormant. The landslide was 95% veg-
etated with woods and bushes covering almost the entire surface. In the 1954 orthophoto,
a creek longitudinally crossing the landslide is visible. The Scoltenna Stream presented
numerous lateral bars witnessing high sediment transport, and the channel width was
approximately 36 m (Figure 6a). From the 1970s until the 2000s, the state of activity did
not change significantly: the landslide remained dormant and was covered by woods and
crops (Figure 6b).

Although the upper part of the landslide persisted to be dormant, in the 1980s the
toe started to activate; the vegetation cover decreased and the toe erosion caused by the
Scoltenna Stream became more intense. Fluvial bars appeared on the right side of the
stream and the average channel width increased to 39 m. In the 1990s, the upper part of the
landslide continued to be rather stable and the landslide toe was less severely affected by
toe erosion. As a consequence, the extension of the fluvial bars decreased in size in relation
to the progressive stabilisation of the landslide toe (Figure 6c). From the 2000s, the landslide
became more active as witnessed, especially in its lower part, by decreased vegetation cover
and more widespread bare soil, fluvial processes playing an important role in bank erosion
(Figure 6d,e). Figure 6f (from 2022), shows a clear remobilisation of the landslide toe that
has caused the displacement of a remarkable volume of sediment into the Scoltenna Stream
and the increase in the bars in the channel. As the studied reach is laterally confined, only
very limited changes in channel width were observed. In fact, during the whole observation
period of 60–70 years, the active channel width ranged between 36 m and 39 m.

During the analysed period, the Sasso Cervaro landslide was characterised by alter-
nating dormant and active phases. In the 1950s and 1960s, the landslide was dormant. It
was 70% vegetated and the presence of woods and bushes covering the surface was clearly
visible (Figure 7a). The remaining 30% was bare soil, mostly concentrated in the upper
part, where the crown developed, and in the middle part. Inside the Scoltenna riverbed,
numerous gravel bars were present that were located on both sides of the channel. The
channel width was approximately 16 m. In the 1970s and 1980s, the landslide became
more active; the regression of the crown was about 15 m and the active surface increased,
extending to the middle-lower part of the landslide. The bare soil increased, covering
almost 50% of the surface (Figure 7b). By the end of the 1990s, the landslide returned to
being dormant; the crown was inactive and the vegetation grew again, covering 60% of
the landslide surface (Figure 7c). The same state of activity can be noticed in the 2000s and
2010s when the landslide was 80% vegetated, leaving just 20% of bare soil. From the 1970s
to the 2010s, the channel width ranged between 16 and 14 m, and its overall morphology
showed no changes. In 2011, the landslide was almost completely covered by vegetation
and seemed more stable; the stream, with processes of lateral erosion, caused regression of
the landslide toe of about 3 m (Figure 7d). In 2020, the state of activity completely changed,
and the bare soil reached 90% of the surface, highlighting an active trend for the landslide
(Figure 7e). In Figure 7f, the orthophoto of 2022 shows that the landslide toe advanced
and invaded the Scoltenna Stream, causing a displacement of about 4 m of the water flow
towards the right side of the riverbank.
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Figure 6. Morphological evolution of La Confetta landslide through time, outlined by the compar-
ison of orthophotos ranging from 1954 to 2022. The image from 2022 shows the detail of the land-
slide toe that had been recently reactivated. The red line indicates the boundary of the landslide. 
The green box indicates the area which is expanded in insert (f). 

  

Figure 6. Morphological evolution of La Confetta landslide through time, outlined by the comparison
of orthophotos ranging from 1954 to 2022. The image from 2022 shows the detail of the landslide toe
that had been recently reactivated. The red line indicates the boundary of the landslide. The green
box indicates the area which is expanded in insert (f).
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Figure 7. Morphological evolution of the Sasso Cervaro landslide through time, outlined by the
comparison of orthophotos from 1954 to 2022. The image from 2022 shows the detail of the landslide
toe. The red line indicates the boundary of the landslide. The green box indicates the area which is
expanded in insert (f).

4.2. Short-Term Evolution of the Investigated Sites: Multitemporal Analysis of GNSS Coordinates
and Photogrammetric Models

As described in Section 3.2, the products obtained from photogrammetric processing,
complemented by GCPs from precise GNSS, exhibit an accuracy to the cm level in the
absolute positioning and spatial resolution for both of the investigated sites. The computa-
tion of displacements detected with photogrammetric surveys was performed through the
direct comparison of the models generated at subsequent epochs. The maps reported below
(Figures 8 and 9) represent the DoDs calculated for the investigated sites. The DoDs were
calculated as the difference between the second and the first investigated epochs (2022 and
2021, in this study). The DoD analysis allowed the calculation of deposition and erosion
volumes that occurred in the investigated period. Positive values indicate an increase in
the elevation between the elevation models, thus the deposition of material. Conversely,
negative values denote erosion. The volume computation analysis for La Confetta landslide
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was performed within an area included in the orange polygon represented in Figure 8.
La Confetta site exhibits a deposition of 660 m3 at the toe of the landslide and a volume
of 190 m3 of sediment eroded by the Scoltenna channel. The computation for the Sasso
Cervaro site was focused on the landslide toe and the drainage network. A deposition at
the toe of 110 m3 and an erosion on the entire landslide of 213 m3 were detected (Figure 9).
The erosional processes are localised inside the artificial drainage network and, due to the
activity of the Scoltenna Stream, at the landslide toe.
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Figure 8. Map of La Confetta site, displacements computed through DoD (coloured scale) and
displacements calculated through GNSS surveys (dots and arrows); (a) view of the entire investigated
area; (b) zoom on the landslide toe and channel reach.
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Figure 9. Map of the Sasso Cervaro site, displacements computed through DoD (coloured scale) 
and displacements calculated through GNSS survey (dots and arrows); (a) view of the entire in-
vestigated area; (b) zoom on the lower part of the landslide and channel reach. 

  

Figure 9. Map of the Sasso Cervaro site, displacements computed through DoD (coloured scale) and
displacements calculated through GNSS survey (dots and arrows); (a) view of the entire investigated
area; (b) zoom on the lower part of the landslide and channel reach.

The maps produced (Figures 8 and 9) show accumulation areas represented by blue
tones and erosion areas as red tones that correspond to the positive and negative values
from the DoD, respectively. The pixels with green colouring, whose values range in the
order of ±3.7 cm and ±8.5 cm in La Confetta and Sasso Cervaro, respectively, show vertical
displacements that are not significant due to the local statistics reported. The grey colour
characterises areas where the absence of data prevents the analysis. Figures 8 and 9 also
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show the position of the GCPs used to constrain the photogrammetric processing. GCPs
permanently materialised on the ground allow the calculation of occurred displacements
by comparing the two positions surveyed with GNSS. Displacements are represented with
an arrow (horizontal component) and a coloured dot (vertical component); an exaggeration
factor was applied for horizontal displacements. The GCPs shown with grey colour (value
NULL) were not permanently materialised or their materialisation was lost/damaged
during the investigated period.

La Confetta landslide shows significant changes in its lower part, which is in contact
with the stream. Elsewhere, the distances calculated with the DoD are smaller and not
significant (see the upper-right side of the landslide in Figure 8). The right side of the
landslide toe shows positive variations between 15 cm and 50 cm, confirming deposition.
The crown area shows vertical displacements ranging between −15 and −4 cm. The GNSS
analysis of the detected movements allowed a better characterisation of the changes that
occurred during the investigated period. At La Confetta site, the presence of vegetation
and the remarkable activity of the landslide did not allow the materialisation of GNSS
monitoring points in the toe area. In the GNSS network, points FM53 and FM52 show a
subsidence of some centimetres (3–4 cm). The analysis of the GNSS points also provided the
computation of the horizontal movements of the landslide: 3 and 5 cm in the south–west
direction. These data allowed a better interpretation of the investigated slope processes;
further discussion is provided in the following section. In Figure 8a, a focus on the
interaction between the slope and the stream is shown, and the results obtained at the
landslide toe are reported. At La Confetta site, the deposited materials reduced the channel
width of the Scoltenna Stream from 21.5 m (in 2020) to 16.3 m (in 2022) (see Figure 8a).
Between 2021 and 2022, although the landslide showed a remarkable deposition (660 m3)
and its toe invaded the Scoltenna channel, the stream experienced bed-level lowering
between 3 cm and 15 cm in the low-flow channels and stability or very limited aggradation,
up to 15 cm, in a few points of the central bar located downstream of the landslide toe.
These data do not allow a quantitative analysis, as the accuracy of the photogrammetric
models and the significance of DoD, as calculated before, are no longer valid in the presence
of water.

The DoD analysis performed on the Sasso Cervaro landslide (Figure 9) did not show
significant volume variations, except in the crown area, the drainage network, and at the
toe. The detected vertical displacements have a value ranging between −15 and −8.5 cm
of removed material. Erosion processes in the artificial drainage channels were recognised,
and a deepening of 15–50 cm was calculated. Bank erosion, sliding and consequent
deposition were recognised at the foot of the slope (blue and red areas in Figure 9a). The
calculated vertical displacements are up to 50 cm in this area. The deposition zone identified
in the lower-right part of the landslide is not significant; in fact, values of 15–50 cm could
be related to the growth of the grassland. The GNSS monitoring points installed at Sasso
Cervaro showed results comparable with those deriving from the DoD analysis: erosion
is evident at the landslide crown and toe. The movements calculated through the GNSS
monitoring are of 2–4 cm in the elevation and plane components and showed a NE–SW
direction. In Figure 9, the horizontal displacements are not visible due to the chosen scale
of representation. Point FM02, on the other hand, shows a different behaviour, subsidence
of 11 cm and a planimetric displacement of 18 cm according to the landslide direction were
detected. As shown in Figure 9a, the landslide toe displays the most significant changes
during the investigated period. The right portion of the landslide toe shows intense erosion,
whereas the left part shows movements that are not significant for the implemented survey
methods. The difference between the material eroded (213 m3) and the material deposited
at the toe (110 m3) leads us to think that almost 103 m3 of sediment was transferred to the
Scoltenna channel at the Sasso Cervaro site between 2021 and 2022.
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5. Discussion

A notable interaction between slope and fluvial dynamics was observed at both inves-
tigated sites. The long-term multitemporal analysis of the last 70 years (Figures 6 and 7)
showed that when the landslides are more stable and covered by vegetation, the water
course plays an important role in the erosion of the landslide toes. On the other hand, when
the slopes are more active, the landslides tend to provide sediment to the riverbed.

In La Confetta site, the landslide became more active through time, especially in
its lower part. When the vegetation cover decreased and the bare soil became more
widespread, fluvial dynamics played an important role in bank erosion processes. Moreover,
a remobilisation of the landslide toe caused the displacement of a significant volume of
sediment into the Scoltenna Stream (660 m3).

In the Sasso Cervaro site, the landslide showed an intermittent activity through time.
When the landslide was almost completely covered by vegetation, the stream caused the
regression of the landslide toe due to the processes of lateral erosion. When the landslide
was more active, the landslide toe advanced and invaded the Scoltenna Stream, causing a
deposition of about 103 m3 of sediment into the riverbed and a displacement of about 4 m
of the water flow towards the right side of the riverbank.

The high resolution of the generated products allowed a detailed characterisation of
the processes that occurred; in fact, even small features such as boulders and stones could
be identified in the DEM. The quantification of small changes, together with variations in
topography and slope gradient, was possible. The resolution of the performed analyses
is exemplified in the case of La Confetta (Figure 8), where it was possible to identify the
uprooted trees and the boulders in the channel (a resolution of 3 cm was achieved). The
photogrammetric products have a 3D accuracy of a few centimetres at each epoch (see
Table 3). The variance propagation leads to a comparison error of 3.7 cm for La Confetta
and 8.5 cm for Sasso Cervaro, these values constituting the threshold for considering the
calculated distances as significant with a confidence interval of 95%. The use of a 3D
accuracy value for the significance analysis of vertical displacements was precautionary
but necessary when comparing DEMs generated from 3D point clouds.

The results shown in the previous section also highlight the accuracy of the photogram-
metric products and the performed analyses. In both landslides, stable zones, areas of
erosion, and areas of deposition were identified: the crown area and the drainage channels
were subject to erosion, whereas at the foot of the slope, deposition can be detected.

The clear and shallow water of the Scoltenna Stream allowed the reconstruction of the
riverbed at La Confetta site. Nevertheless, the results of the multitemporal comparison
only provided a qualitative evolution of the riverbed during the investigated period.
The presence of water refracts the optical rays preventing an accurate and precise 3D
reconstruction; specific ground measurements would be necessary to properly model the
refraction phenomenon and correct its effects on the riverbed depth computation.

Figures 8 and 9 show good consistency between the displacements calculated with
GNSS data on GCPs and DoD; only the vertical component of the GCP displacement was
considered for this purpose. The two methods investigated the displacement differently:
GNSS provided a punctual analysis of the displacement of a specific point, whereas DoD
provided an areal analysis related to the photogrammetric process, the resolution of the
point cloud, and the rasterisation process. The two results have different characteristics and
genesis but, in the absence of local effects, they should represent the same displacement.
DoD analysis allows the identification of processes that show a prevalent effect on the
elevation component. DoD is widely used and effective in the monitoring of most landslides
when the vertical component of displacements is predominant. There are, however, some
displacements for which the horizontal component is also important and requires an
integrated use of different surveying and analysis methods.

La Confetta site (see the upper sector in Figure 8) shows the limitations of the DoD
analysis: vertical displacements have a small entity and horizontal displacements are
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predominant and allow a better understanding of the landslide dynamics. In this sector of
the landslide, only analysis of GNSS data allowed the computation of displacements.

6. Conclusions

This research analysed the relationships between hillslope processes and the Scoltenna
channel dynamics in a long-term (the past 70 years) and a short-term perspective (period
2021–2022). The multitemporal data collected allowed us to assess the morphological
evolution of two significant sites in the Northern Apennines and quantify the evolution of
surface deformations and volume variations.

The combination of various techniques of remote and proximal sensing used in this
study proved to be a useful tool for deciphering the interaction between the investigated
slow-moving landslides and fluvial morphodynamics at a suitable resolution and accuracy.
In particular, UAV photogrammetry integrated with an accurate GNSS survey proved to be
a technique capable of mapping multitemporal changes in the order of a few centimetres per
year. Photogrammetry provided high-resolution results that allowed a quasi-continuous
detection of the changes that occurred.

Traditional topography techniques provided multitemporal data only on discrete
points. However, the use of traditional topography methods is mandatory for the survey of
constraint coordinates when high accuracy and repeatable photogrammetric 3D reconstruc-
tions are required. The 3D reconstruction and DoD were performed for the whole of the
investigated areas, but only the sparsely vegetated portions were considered for the com-
putation of displacements and volumes. Vegetation was not filtered in the original images
or final products because this would have resulted in a computed digital terrain model
(DTM) with a lower accuracy in the filtered portions, determining a lower confidence.

La Confetta landslide is 370 m long and 150 m wide; the elevation difference is about
80 m. The site was investigated in 2021 and 2022. Vertical displacements up to 3.7 cm were
computed at 95% level of significance, and a total of 660 m3 of sediment mobilised into the
Scoltenna Stream was detected. The GNSS survey provided errors on the GCP coordinates
of about 3–5 mm and allowed a proper coregistation of subsequent 3D reconstructions. In
this case, the choice of two different heights of flight (60 m above the entire landslide and
40 m above the foot) allowed the 3D reconstruction of the entire site and a high-accuracy
mapping (GSD < 1 cm) of the landslide foot.

In the case study of Sasso Cervaro, a landslide 530 m long and with 170 m of elevation
difference was investigated in 2021 and 2022. Vertical displacements up to 8.5 cm/year were
detected at 95% level of significance, and a deposition of 103 m3 in the Scoltenna Stream was
computed. The detection of highly accurate coordinates for ground targets, together with
proper planning of image acquisition, reduced the errors in image orientation and external
orientation. A static relative GNSS survey was performed and errors on GCP coordinates
were similar to those in La Confetta. In addition, the gridded flightpath followed by the
UAV, the off-nadir pose, and the shooting rate ensured a redundancy of images of higher
than 90%, a GSD of 1 cm, and strong acquisition geometry. The repeatability of the survey
was guaranteed in this study by using the same flight trajectories, shooting frequencies,
and processing parameters. In addition, some GCPs were permanently materialised on the
ground in order to avoid the effects of a different constraint distribution on the generated
3D point clouds.

The integration of UAV photogrammetry and GNSS is largely used in monitoring
applications and proved to be an effective method in landslide investigation. In this paper,
it is shown that careful design of the survey and integration of accurate constraints allow
a fine-scale investigation of volume changes and surface displacements to evaluate the
interaction between slow-moving landslides and fluvial morphodynamics.
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Model: A Case Study Taşkent (Konya, Turkey) Landslide. In Proceedings of the Digital Proceeding of the ISDS’2014, Side, Turkey,
10–14 May 2014.

50. Mantovani, M.; Bossi, G.; Dykes, A.P.; Pasuto, A.; Soldati, M.; Devoto, S. Coupling Long-Term GNSS Monitoring and Numerical
Modelling of Lateral Spreading for Hazard Assessment Purposes. Eng. Geol. 2021, 296, 106466. [CrossRef]

51. Eyo, E.; Musa, T.A.; Omar, K.M.; Idris, K.M.; Bayrak, T.; Onuigbo, I.C.; Opaluwa, Y.D. Application of Low-Cost GPS Tools and
Techniques for Landslide Monitoring: A Review. J. Teknol. 2014, 71, 71–78. [CrossRef]

52. Stark, T.D.; Choi, H. Slope Inclinometers for Landslides. Landslides 2008, 5, 339–350. [CrossRef]
53. Lane, S.N.; James, T.D.; Crowell, M.D. Application of Digital Photogrammetry to Complex Topography for Geomorphological

Research. Photogramm. Rec. 2000, 16, 793–821. [CrossRef]
54. Rossi, P.; Mancini, F.; Dubbini, M.; Mazzone, F.; Capra, A. Combining Nadir and Oblique UAV Imagery to Reconstruct Quarry

Topography: Methodology and Feasibility Analysis. Eur. J. Remote Sens. 2017, 50, 211–221. [CrossRef]
55. Chudý, F.; Slámová, M.; Tomaštík, J.; Prokešová, R.; Mokroš, M. Identification of Micro-Scale Landforms of Landslides Using

Precise Digital Elevation Models. Geosciences 2019, 9, 117. [CrossRef]
56. Cignetti, M.; Godone, D.; Wrzesniak, A.; Giordan, D. Structure from Motion Multisource Application for Landslide Character-

ization and Monitoring: The Champlas du Col Case Study, Sestriere, North-Western Italy. Sensors 2019, 19, 2364. [CrossRef]
[PubMed]

57. Godone, D.; Allasia, P.; Borrelli, L.; Gullà, G. UAV and Structure from Motion Approach to Monitor the Maierato Landslide
Evolution. Remote Sens. 2020, 12, 1039. [CrossRef]

58. Lissak, C.; Bartsch, A.; De Michele, M.; Gomez, C.; Maquaire, O.; Raucoules, D.; Roulland, T. Remote Sensing for Assessing
Landslides and Associated Hazards. Surv. Geophys. 2020, 41, 1391–1435. [CrossRef]

59. Meng, Q.; Li, W.; Raspini, F.; Xu, Q.; Peng, Y.; Ju, Y.; Zheng, Y.; Casagli, N. Time-Series Analysis of the Evolution of Large-Scale
Loess Landslides Using InSAR and UAV Photogrammetry Techniques: A Case Study in Hongheyan, Gansu Province, Northwest
China. Landslides 2021, 18, 251–265. [CrossRef]

60. Lucieer, A.; de Jong, S.M.; Turner, D. Mapping Landslide Displacements Using Structure from Motion (SfM) and Image Correlation
of Multi-Temporal UAV Photography. Prog. Phys. Geogr. Earth Environ. 2014, 38, 97–116. [CrossRef]

61. Peppa, M.V.; Mills, J.P.; Moore, P.; Miller, P.E.; Chambers, J.E. Accuracy Assessment of a UAV-Based Landslide Monitoring System.
ISPRS Int. Arch. Photogramm. Remote Sens. Spat. Inf. Sci. 2016, 41, 895–902. [CrossRef]

62. James, M.; Robson, S.; D’Oleire-Oltmanns, S.; Niethammer, U. Optimising UAV Topographic Surveys Processed with Structure-
from-Motion: Ground Control Quality, Quantity and Bundle Adjustment. Geomorphology 2017, 280, 51–66. [CrossRef]

63. Casella, V.; Chiabrando, F.; Franzini, M.; Manzino, A.M. Accuracy Assessment of a UAV Block by Different Software Packages,
Processing Schemes and Validation Strategies. ISPRS Int. J. Geo-Inf. 2020, 9, 164. [CrossRef]

64. Pessoa, G.G.; Carrilho, A.C.; Miyoshi, G.T.; Amorim, A.; Galo, M. Assessment of UAV-Based Digital Surface Model and the
Effects of Quantity and Distribution of Ground Control Points. Int. J. Remote Sens. 2021, 42, 65–83. [CrossRef]

65. Agüera-Vega, F.; Ferrer-González, E.; Carvajal-Ramírez, F.; Martínez-Carricondo, P.; Rossi, P.; Mancini, F. Influence of AGL Flight
and Off-Nadir Images on UAV-SfM Accuracy in Complex Morphology Terrains. Geocarto Int. 2022, 37, 12892–12912. [CrossRef]

66. Baum, R.; Messerich, J.; Fleming, R.W. Surface Deformation as a Guide to Kinematics and Three-Dimensional Shape of Slow-
Moving, Clay-Rich Landslides, Honolulu, Hawaii. Environ. Eng. Geosci. 1998, 4, 283–306. [CrossRef]

67. Abellan, A.; Derron, M.-H.; Jaboyedoff, M. “Use of 3D Point Clouds in Geohazards” Special Issue: Current Challenges and Future
Trends. Remote Sens. 2016, 8, 130. [CrossRef]

68. Okyay, U.; Telling, J.; Glennie, C.L.; Dietrich, W.E. Airborne Lidar Change Detection: An Overview of Earth Sciences Applications.
Earth-Sci. Rev. 2019, 198, 102929. [CrossRef]

69. Kakavas, M.P.; Nikolakopoulos, K.G. Digital Elevation Models of Rockfalls and Landslides: A Review and Meta-Analysis.
Geosciences 2021, 11, 256. [CrossRef]
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